Glass Nanofibers from Fragile Melts Produced by Laser Spinning  by Dieste, O. et al.
 Physics Procedia  41 ( 2013 )  781 – 786 
1875-3892 © 2013 The Authors. Published by Elsevier B.V.
Selection and/or peer-review under responsibility of the German Scientific Laser Society (WLT e.V.)
doi: 10.1016/j.phpro.2013.03.148 
Lasers in Manufacturing Conference 2013
Glass nanofibers from fragile melts produced by laser spinning
O. Diestea J. Penidea , F. Quinteroa, A. Riveirob, R. Comesañac ,F. Lusquiñosa,
J. Pouaa*
a Applied Physics Department, University of Vigo, EEI, Lagoas-Marcosende, Vigo, E- 36310, Spain.
b Centro Universitario de la Defensa, Escuela Naval Militar, Plaza de España, Marín, E-36920, Spain
c Materials Engineering, Applied Mechanics and Construction Dpt., University of Vigo, EEI,
Lagoas-Marcosende, Vigo, E- 36310, Spain.
Abstract
Laser Spinning is a new technique enabling the production of large quantity of very long amorphous ceramic nanofibers.
This technique has been successfully tested with different material compositions, probing its capability to produce fibers of 
inorganic oxides that cannot be produced by any other technique. Precise control of the process allows for the production of 
amorphous nanofibers of non-ready glass former materials and the unprecedented synthesis of glass nanofibers from very 
fragile melts. This outcome demonstrates the capability for the synthesis of glass nanofibers with applications in the field of 
fire retardant fabrics, catalysis or high refractory materials.
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1. Motivation
New one-dimensional nanostructured materials are continuously investigated in search of new and improved
applications. Special importance has the control of composition, structure and geometry to obtain useful
nanofibers [1]. Currently, electrospinning is the most employed method to produce long nanofibers [2]. This
technique yields excellent results with materials having low melting temperature and high melt viscosity,
allowing the easy stretching of a fluid filament. However, electrospinning fails to produce nanofibers from 
refractory ceramics due to their high melting temperature and low viscosity melts.
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Laser Spinning is a new technique developed in our research group for the production of ultralong 
amorphous ceramic nanofibers with lengths up to several centimeters. This technique allows large quantities of 
nanofibers to be made with specific, controllable chemical compositions [3, 4]. It employs a laser to melt a 
small volume of a solid precursor material while a high pressure gas jet drags it. Thus, the molten material 
forms glass fibers as a result of its viscous elongation by the drag force and rapid cooling by the convective 
heat transfer promoted by the gas jet. Fig. 1 depicts the formation of fibers. They form a disordered mesh of 
intertwined fibers with different diameters, typically in the range from tens of nanometers up to several 
micrometers. Each fiber has a uniform, well-defined cylindrical morphology of near constant diameter with 
smooth surface. 
Fig. 1. Illustration of the process of Laser Spinning. 
In previous works [4], we performed a theoretical and experimental study of the process by using a high 
speed camera and mathematical modeling to understand the mechanism of formation of the nanofibers. As an 
outcome, we inferred that there are two different kinds of flows in this process competing to dominate it. The 
first one is the elongation flow promoted by the dragging action of the gas jet. This drag force acts against the 
inertial and viscosity resistances to stretch the fluid filament and eventually form a fiber. The second kind of 
flow is promoted by the capillary forces which tend to break the fluid filament before it is cooled, eventually 
forming droplets of the material. Both kinds of flows are competing: if the viscosity is too low compared to 
surface tension, the fluid filament will break up before forming a fiber. On the contrary, if the viscosity is 
higher but the melt is still fluid enough, the viscous filament will be stretched by the supersonic air jet to form 
fibers. The viscosity mainly depends on the temperature, so we must be able to control the temperature of the 
melted material if we want to optimize the production of fibers. 
In this work, we present an experimental study on the production of glass nanofibers by Laser Spinning 
from very fragile melts which cannot be produced by any other technique. These experimental results are in 
agreement with a theoretical study performed by a mathematical model of the process. 
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2. Experimental 
The precursor material used for this study was a mullite-alumina ceramic, which is made up of a crystalline 
mullite matrix with a microcrystalline alumina dispersed phase. Its main compounds in molar percent are Al2O3 
(69.6 %) and SiO2 (28.4 %), having a minor proportion of impurities such as K2O (0.5 %), Fe2O3 (0.3 %), TiO2 
(0.3 %), CaO (0.3 %), Na2O (0.3 %) and MgO (0.2 %). Plates with thickness of 6 mm were used in the 
experiments. 
A high power CO2 laser (10.6 μm) (Rofin DC 035) was employed emitting a continuous wave with a fixed 
power of up to 3 kW to carry out the Laser Spinning process. The laser beam was focused 15.5 mm above the 
top of the precursor material plate using a convergent lens with focal distance of 190.5 mm (7.5
supersonic air jet was injected in the fusion front by a de Laval nozzle operated at pressure of 10 bar. The 
sample movement was governed by a CNC machine. 
Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) were used to analyze 
the morphology and structure of the fibers. X-Ray Fluorescence (XRF) analyses were carried out to compare 
the composition of the precursor material and the nanofibers. 
3. Results and Discussion 
Amorphous nanofibers with a high content of alumina were produced from the mullite-alumina precursor 
material. Figure 2.a presents a SEM micrograph of the fibers showing their cylindrical morphology and high 
length. Each fiber has a uniform well-defined cylindrical morphology of near constant diameter with smooth 
surface, as can be observed in the TEM picture presented in Fig. 2.b. Due to the high cooling rate the final 
structure is amorphous as the electron diffraction pattern in the inset of TEM micrograph demonstrates. 
The composition of the nanofibers was analyzed by XRF and it demonstrates that the fibers keep the overall 
composition of the precursor material. Therefore, we produced nanofibers with a high alumina content having 
strong refractory properties. These nanofibers cannot be produced by other methods due to their high melting 
point and the abrupt viscosity reduction with temperature (fragile melt). This result opens up the possibility of 
obtaining nanofibers of different compositions by adjusting the composition of the precursor material, 
including refractory materials. 
 
a) 
b) 
 
 
 
 
 
 
 
 
 
 
b) 
Fig. 2. (a) SEM micrograph of the fibers showing their uniform cylindrical shape and long length; (b) TEM micrograph showing a detail of 
a thin nanofiber, the electron diffraction pattern inset demonstrates their amorphous structure. 
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Previous theoretical analyses of the process [5] are here particularized for the present material in order to 
estimate the initial conditions necessary to produce nanofibers. We applied the same equations and numerical 
methods of the mathematical model previously reported, which simulates the formation of a single fiber by 
modeling the stretching and cooling of a filament of the molten material [5]. The general equation of Navier-
Stokes is applied to the specific case of uniaxial stretching during melt blowing to model stretching [6], while 
the convective heat transfer from the fiber to the gas jet was modelled using the results reported for 
melt spinning of polymers [7]. The results of this simulation are presented and help us to discuss the 
following experimental outcomes. 
Density, surface tension and heat capacity of the molten mullite-alumina ceramic were considered 
homogeneous and independent of temperature to solve the mathematical model, their values are presented in 
Table 1. 
Table 1. Physical properties of the mullite-alumina melt. 
Name Value 
Heat Capacity [8] 2,76·103 J/kg·K 
Density [9] 2,5·103 kg/m3 
Surface Tension [10] 
Glass Transition Temperature [11] 
0,438 N/m 
1233 K 
The variation of viscosity with temperature was modeled using the VFT equation (Vogel-Fulcher-Tamman), 
with activation energy, E = 5010.2 0 = exp(-6.739) Pa·s, calculated by lineal 
regression of data on viscosity for different temperatures reported by Bansal and Doremus [8]. The reference 
temperature in the VFT equation was estimated as Tr  = 1100 K according to glass transition temperature 
reported for mullite [9]. 
The result of the mathematical process gives us the final diameter of the fibers as a function of the initial 
temperature of the precursor droplet of molten material which is stretched to form the fiber. The diameter of 
this initial droplet must be fixed beforehand, therefore figure 3 shows two graphs of final diameters with a 
precursor drop of 300 μm [Fig. 3(a)] and 3 μm [Fig. 3(b)]. 
a)                                                                                    b) 
Fig. 3. Results from the model of elongation and cooling as a function of the initial temperature corresponding to an initial drop with 
diameter of 300 μm (a) and 3 μm (b). 
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From figure 3(a), we infer that obtaining a fiber with a diameter in the order of one micrometer involves a
temperature of the precursor melted material higher than 1500 K. Below this temperature the fluid would be
chilled before elongation could progress. In the same way, we can see in figure 3(b) that this temperature arises
to 1880 K in order to obtain nanometric fibers. This rise of temperature is due to the thinner diameter of the
filament which, in turn, raises the thermal convection from the fluid fiber to the air jet. Therefore, the molten
material must reach a higher initial temperature to be adequately stretched. Hence, the range of initial
temperature of the molten material which allows for the production of fibers is limited to 380 K (1880 K-
1500 K). As we stated before, the mullite-alumina is a fragile melt and this fact is coherent with the relative
small range of temperatures suitable to obtain fibers, compared to the rage of 800 K for the soda-lime silicate
previously reported [5].
On the other hand, the reason why only this technique has the capability to produce fibers from this fragile
melt can be deduced from the stability analysis which was discussed elsewhere [4, 5]. The key factor is the
extremely high velocity of the process: the typical time to stretch and cool a fluid filament producing a 
micrometric fiber is in the order of milliseconds, while it drops down to hundredths of milliseconds for a 
nanometric fiber. As a consequence of this extremely high speed of the process, the instabilities promoted by 
surface tension have not time to evolve to break the fluid filament.
The graph presented in Figure 4 shows the results of mass production of glass fibers per unit length of 
precursor material as a function of the laser power and advance speed in the Laser Spinning process. As it was
expected, the productivity is relatively lower than for other compositions. This agrees with the result of the
theoretical study since the temperatures between which we can obtain fibers have a narrow range.
Fig. 4. Productivity of the process expressed in mass of glass fibers obtained per unit length of the precursor material as a function of laser 
power and advance speed.
Varying the laser power with a fixed advance speed, there are two well differenced zones in the graph. In the
first one, we start from the lowest laser power, and as it increases, the productivity also rises. This occurs
because the raise of the laser power causes a deeper cut, so there is more available material to produce fibers.
This zone ends when the laser generates a full cut and the productivity achieves its maximum. Then, a higher 
laser power causes an increase of the temperature of the melted volume. Therefore the viscosity of the fluid
filament is reduced, so the instabilities promoted by surface tension are also faster [5] and will eventually break 
the filament, producing droplets. It produces the decrease in productivity showed in the graph.
Alternatively, if the laser power is fixed and we vary the advance speed, we can also describe two zones.
First, starting from the lowest speed, the temperature of the melted material rises together with the sample
speed [12, 13]. The maximum productivity is achieved when the melted material has the suitable viscosity (or 
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temperature) to produce fibers. Then, further increase of the speed rises the temperature, so the viscosity is too 
low allowing the capillary forces to break-up the filament. Additionally, increasing the speed causes a 
shallower cut, so the productivity sharply falls as can be observed in figure 4. 
4. Conclusion 
We demonstrate the feasibility of producing nanofibers from fragile melts by Laser Spinning. Other 
techniques are not capable of obtaining fibers from these fragile melts. Moreover, we determined that a good 
control of the temperature of the melted material, which in turn fix the viscosity, allow us to optimize the 
productivity of the process by just controlling the advance speed of the sample and the laser power. 
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